The Fukushima Daiichi nuclear power plant in Japan was damaged on 11 March 2011 following an earthquake and tsunami, and radionuclides from the power plant were released into the atmosphere for days afterward. Increased concentrations of atmospheric radionuclides characteristic of nuclear power plant emissions, including 131 I, 134 Cs and 137 Cs, were initially observed at Japanese monitoring stations, then at stations in North America (United States [1] and Canada [2,3]), Europe [4] (Greece [5] and Germany [6] ), Asia (Russia [7] , China, Korea [8] and Vietnam [9] ), and subsequently other countries. Concentrations of 131 I higher than background were observed in the above mentioned countries starting on 15 March 2011. The gaseous fission product 133 Xe, another key radionuclide for monitoring nuclear accidents, also was measured but only at some locations [10] due to a lack of equipment and facilities. The International Monitoring System (IMS) [11] , established by the Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO), is composed of 63 stations for particulate monitoring and 27 noble gas stations at that time, and at least 131 I was detected at all of the IMS stations in the northern hemisphere and three stations in the southern hemisphere within two weeks of the incident 1) . The concentrations of 131 I peaked from the end of March to the beginning of April, began to decrease in the middle of April at most of the monitoring stations, and then gradually returned to the background. Meanwhile, Chino et al. [12] and Stohl et al. [13] estimated the quantities of radionuclides released and their release rates with the use of atmospheric transport modeling (ATM) techniques.
On 26 March 2011, the Ministry of Environmental Protection of the People's Republic of China announced for the first time that 131 I had been observed during atmospheric monitoring in Heilongjiang Province, but it was also reported that the local environmental radiation level was still in the background range. It was later announced that 131 I had been observed in other provinces. Indeed, the environmental radiation levels at all Chinese monitoring stations were in the range of background until May 21 (http://www.mep.gov. cn/gkml/hbb/qt/201105/t20110521_210981.htm). In China, the atmospheric transport of the released radionuclides was analyzed and predictions regarding expected impacts were made by Qiao et al. [14] ; and the total quantities of radionuclides released were estimated by Wang et al. [15] . Temporal variations in the concentrations of particulate radionuclides at Beijing and Nanjing were reported by Zhang et al.
2)
and Zhou et al. [16] , respectively. However, to this point, little detailed information has been available on the temporal patterns in the concentrations of either aerosol radionuclides or xenon in China. In the present paper, the monitoring methods for radioactive aerosols and xenon are first summarized; the results are then compared with other monitoring data, and finally, the transport pathways are evaluated.
Methods
The monitoring program commenced on March 23 at a site in the outskirts of Xi'an, China. The monitoring protocol followed the criteria established for the IMS by the CTBTO [17, 18] , except for continuance; that is, sampling was conducted continuously but only until April 15. At that point, the sampling frequencies were switched to once per week because the concentrations of radionuclides had decreased dramatically and no further fires or explosions at Fukushima were reported.
Particulate monitoring
Bulk atmospheric aerosol samples were collected with the use of a sampler constructed by the authors [19] ; polypropylene fiber filters with collection efficiency of 90% for 0.2 μm particles [20] were used as the sampling substrates. The sampler operated at a flow rate of 450 m 3 /h; the sample volumes were >10000 m 3 of air; and collection intervals were nominally 24 h. The exposed filter media was compacted into a pellet with the use of a hydraulic press. Filter samples were then counted with a high-purity Ge, gamma-ray spectrometer that had a relative efficiency of 60% and an energy resolution of 1.9 keV at 1.3 MeV. The fissionproduct radionuclides with intermediate half-lives (  131 I,   132 Te,
132
I and 137 Cs) were the analytes of main concern. The activity of a radionuclide A can be calculated from eq. (1) [21] :
where N is the net peak area; t 1 is the acquisition live time, s;
 i is the attenuation-corrected efficiency at the energy of interest; p i is the branching ratio of the gamma-ray energy of radionuclide A; and K c is the correction for decay during data acquisition:
where t m is the clock real time from the start to the end of data acquisition, s; and  is decay constant for radionuclide
The activity concentration of the radionuclide is
where C is the atmospheric concentration of the radionuclide, Bq/m 3 ; V is air volume at standard temperature and pressure (273.15 K and 101325 Pa), m 3 ;  is sampling efficiency unit for aerosol sampling; K s is the correction for radioactive decay during sampling:
where t s is the real time between the start and the end of sampling, s. K w is the correction for decay between the end of sampling and the start of data acquisition:
where t w is the real time between the end of sampling and the beginning of spectral acquisition, s. When the activity in samples was less than the MDA (Minimum Detectable Activity), the corresponding activity concentration was regarded as less than MDC (Minimum Detectable Concentration). The MDA can be calculated from eq. (6) [18] 
where  B is standard deviation of the background at the region of interest (ROI);  B =∑ ROI; ROI is defined as ±1. full-width half-maximum (±3) on either side of the hypothetical peak centroid.
The MDC can be calculated by replacing A in eq. (3) with the MDA from eq. (6) [18] . The half-lives and energies of the radionuclides of concern are listed in Table 1. The  MDCs for 131 I and 137 Cs were 5.4 and 4.3 Bq/m 3 respectively, as collection time, decay time, and acquisition time were all 24 h and the air volume was 10000 m 3 . Produced by cosmic ray spallation in the stratosphere and upper troposphere, 7 Be can be used as an indicator of the overall quality of the aerosol sampling operations. 7 Be spontaneously attaches to atmospheric aerosols, and its activity in the atmosphere is mainly affected by the balance between solar radiation and aerosol deposition. Over intervals of days to weeks, the 7 Be concentrations at a given location are usually quite steady, and therefore, 7 Be can serve as an indicator of the reproducibility of a monitoring system, especially for long-term programs. The concentration of 7 Be ranged from 3.81 to 12.24 mBq/m 3 during sampling period for the present study, and this is consistent with the activity of 2-12 mBq/m 3 measured in Xi'an in 2002 by Chang et al. [22] The agreement in 7 Be activities between the two programs indicate that the monitoring system worked well.
Xenon monitoring
Atmospheric xenon was collected with a sampler manufactured by the authors. The mechanics and operation of the sampler were as follows: air was compressed and passed through a column filled with molecular sieves to remove water vapor and carbon dioxide; xenon was absorbed in the first activated charcoal column at low temperature. The xenon was then desorbed at 200°C and passed to the second and third activated charcoal column where it was further purified by adsorption-desorption cycles in succession. The total xenon in 24 h samples was >4 mL at standard temperature and pressure, and the effective air volume was approximate 50 m 3 . The
133
Xe activity was measured using a low-energy, planar, high-purity Ge, gamma-ray spectrometer and calculated from eq. (1). The detection efficiency of the spectrometer at 81 keV was 50%. The concentrations of stable xenon isotopes ( 129 Xe and 132 Xe) in the samples, measured using a quadrapole mass spectrometer [23] , were used to calculate the sampling efficiency. The activity concentration of 133 Xe was calculated from eq. (7) which is based on the same principles as eq. (1).
where C X is activity concentration of Cs activity decreased more quickly than 131 I at Xi'an. The reasons for this are likely complicated, but many iodine-containing compounds are volatile, and so a fraction of the deposited I can re-enter the atmosphere as a gas. In addition, iodine is likely to be concentrated on smaller aerosols than Cs, and so the gravitational settling term for the iodine-rich particles is also smaller than that for the larger Cs-containing particles. The mechanisms and processes responsible for the differences in the concentration-attenuation coefficients could be more thoroughly evaluated in future studies if information on the activities of the nuclides in deposited materials were collected.
The 134 Cs/ 137 Cs ratio can be used to discriminate between radioactive emissions from nuclear accidents versus those from nuclear explosions [18] . In a nuclear reactor, Cs ratio observed after the Chernobyl nuclear accident was reported about 0.58 [18] and a ratio of 0.88 was observed during our monitoring in Xi'an; both values are consistent with releases from nuclear reactors.
A time-series plot of the 133 Xe concentrations from March 27 to June 10 is shown in Figure 2 Xe observed in our study can be attributed almost solely to radioactive decay. It is likely that little additional 133 Xe was released into atmosphere after April 5, and at that point, the 133 Xe might have been widely dispersed throughout the atmosphere. As a result, further diffusive dilution in the atmosphere showed little or no effect on the concentration of 133 Xe. Based on the observed radionuclide concentrations at Xi'an, it can be concluded that the additional annual effective dose attributable to the emissions from Fukushima was much lower than the public annual effective dose caused by natural radiation, according to the standards established by the Chinese government [24] . This implies that the atmospheric radionuclides from the stricken reactor had little or no impact on the environmental radiation levels in Xi'an during the monitoring period even though their concentrations were much higher than the backgrounds on some days.
Comparison with the chernobyl nuclear accident
Massive amounts of radionuclides were released into atmosphere as a result of the Chernobyl accident, as shown in Table 2 , and their imprint on global environmental radioactivity was of such a great magnitude that research on their impact has continued for decades. The quantities of the main radionuclides released by the Fukushima accident were comparable to those from Chernobyl according to the estimates shown in Table 2 . Comparing the monitoring results in Xi'an in 2011 after the Fukushima accident with those in 1986 after the Chernobyl accident [25] , one finds that (1) La were observed in 1986, and (2) the concentrations of radionuclides in 2011 were 10 to 100 times lower than those in 1986. Similar results were also observed at other locations; for example, the concentrations of 137 Cs in Europe in 2011 were 100 to 1000 times lower than those in 1986 [4].
The lower radionuclide concentrations observed in Xi'an and other sites in 2011 compared with 1986 likely resulted from differences in the way the accidents unfolded at the two reactors as much or more than the quantities of radionuclides released. At Chernobyl, the reactor exploded prior to the melt down of the nuclear fuel and the burning of the graphite control rods. It has been estimated that of all nuclear materials produced at Chernobyl, 100% of the gaseous fission products, such as Ce as well as transuranic nuclides were released [26] . In comparison, the hydrogen explosions and the fire in the spent fuel pool at the Fukushima reactor resulted in temperatures that were much lower than those at the Chernobyl, and as a result, it was primarily the volatile radionuclides that were released there. Location also played role in the distribution of radionuclides: Chernobyl lies in the central part of the Eurasia and much of the former USSR and Europe were heavily contaminated [26] . Fukushima, on the other hand, lies along the western rim of the Pacific, and the winds were mainly westerly during the accident: consequently, most of released radionuclides were transported over the Pacific before eventually reaching land [13] .
Comparison with the results from other locations
(1) Japan (see footnote 1 on page 1586). According to the [8] . Backward trajectory analysis showed that the air masses passed over Beijing prior to arriving in Korea.
Comparing the above results, one sees that the concentrations in Xi'an were much lower than those in Japan or the United States, but similar to those in Europe. The sequence of arrival was as follows: Japan, North America, China and Europe. The arrival time in Xi'an was March 25 and that preceded the detection of the power plant radionuclides in Europe by three to four days. That is, the air that arrived at Xi'an containing the Fukushima nuclides evidently did not first pass over Europe. The transport pathways were analyzed to determine how this was possible.
Pathway of the radionuclides arriving at Xi'an
The first radionuclide releases from Fukushima occurred on March 12. The first plume containing 131 I was observed in Xi'an on March 25, thirteen days after initial release. Xi'an lies in the central part of China, approximate 2800 km west of Fukushima, and it is instructive to investigate how the radionuclides reached Xi'an, especially the pathways they followed. The transport of radionuclides to Europe was analyzed by Lozano et al. [28] who used the HYSPLIT (the Hybrid Single Particle Lagrangian Integrated Trajectory), but Asian countries were not included in their analysis. Qiao et al. [14] predicted the dispersion of the released radionuclides using the CCSM3 model, but that analysis was based on the proportions of the maximum concentrations, and those numbers are difficult to compare with the activity concentrations from our study. Kuang et al. [29] analyzed the radionuclide transport pathways and suggested that the air containing the Fukushima radionuclides split into three branches after reaching the Pacific, and as a result the contaminants moved northward, eastward, and southward. The northward flowing branch would have arrived in eastern and northeast China after crossing Russia. The southward flow would have turned to the southwest to arrive at Hainan Island, China after passing the Philippines. If those pathways were accurate representations of the flow, the released radionuclides would have entered China by both the northern and southern pathways.
As part of our study, both forward trajectories from Fukushima as well as backward trajectories arriving at Xi'an were calculated using the HYSPLIT model. The results showed that the westerly winds controlled the transport at altitudes higher than 3000 m, but a transient anticyclone was encountered at an altitude of about 1500 m (Figure 3) . The flow associated with anticyclone made it possible for air mass containing the Fukushima radionuclides to arrive at China without first crossing over North America or Europe, and this explains how the radionuclides arrived in China at the same time as in Europe or even earlier. Taking the arrival times at the various locations into account, it appears that some of the radioactivity apparently moved northward and some southward after the flow over the Pacific diverged, but then both plumes turned westward before arriving in northern and southern parts of the East Asia. This westward turn in the flow explains how the radioactivity released from Fukushima arrived in Xi'an before reaching Europe.
Conclusions
Atmospheric radionuclide monitoring was conducted in Xi'an for three months, starting 12 d after the Fukushima accident, and time-series of the 131 I, 134 Cs, 137 Cs and 133 Xe concentrations were obtained. The additional annual effective dose due to the observed activity was much lower than the public annual effective dose, and by that measure, the environmental radiation level in Xi'an was not significantly affected.
Analysis of the atmospheric transport pathways showed that the movements of the released radionuclides were initially controlled by the westerly winds, but they were later affected by an anticyclone that developed over the Pacific Ocean. Divergence in the flow, as well as extended time interval over which the radioactivity was released, complicates the interpretation of transport. Nonetheless, the information obtained by rapidly implementing a program for monitoring the radioactivity released from Fukushima has provided insights not only into the transport of the radionuclides but also the pathways that can be followed by other constituents of the atmosphere. 
